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SUMMARY: The e®ect of irradiation is studied in a close binary system as-
suming that the secondary component is a point source, moving in a circular orbit.
The irradiation e®ects are calculated on the atmosphere of the primary component
in a 3-dimensional Cartesian coordinate geometry. In treating the re°ection e®ect
theoretically, the total radiation (ST) is obtained as the sum of the radiation of
1) the e®ect of irradiation on the primary component which is calculated by using
one dimensional rod model (Sr) and 2) the self radiation of the primary component
which is calculated by using the solution of radiative transfer equation in spheri-
cal symmetry (Ss). The radiation ¯eld is estimated along the line of sight of the
observer at in¯nity. It is shown how the radiation ¯eld changes depending on the
position of the secondary component.
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1. INTRODUCTION
The atmosphere of a star with a close com-
panion is in°uenced by two interaction mechanisms.
The gravitational interaction results in distortion of
the outer layers of the star and the radiative inter-
action results in the warming of those surface layers
of the star which gives rise to re°ection e®ect. The
problem of incidence of radiation from a point source
is termed the search light problem and was studied
by many authors. Peraiah (1982) studied the prob-
lem of incidence of radiation from a point source in a
binary system and noticed that the middle layers of
the atmosphere of the primary component produce
the maximum radiation when compared to the inner
and outermost layers. Peraiah (1983) also extended
this work to the case when secondary component is
an extended source in a close binary system. Here
he found that outer layers of the atmosphere of the
primary component produce maximum radiation as
compared to the inner layers. In a series of papers,
Peraiah and Srinivasa Rao (1983), Peraiah and Srini-
vasa Rao (1998), Srinivasa Rao and Peraiah (2000)
and Srinivasa Rao (2003), the e®ect of re°ection on
the spectral lines accounting also for the presence of
dust was studied. They noticed considerable change
in the equivalent width of the line with and with-
out re°ection. They also mentioned that re°ection
e®ect has to be considered in modeling of the binary
systems.
Theoretical studies on the re°ection e®ect by
authors like Chandrasekhar (1960), Buerger (1969,
1972) were based on a plane parallel approximation
in computing the continuum radiation and line ra-
diation emitted by rotationally and tidally distorted
star irradiated by the light of secondary component.
Many authors have dealt with on the theory of re-
°ection (see Vaz 1985 for a historical review), includ-
ing not only contributions to the geometrical and
bolometric radiation parts of the problem, but also
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those on irradiated stellar atmospheres and on esti-
mation of the bolometric albedo. Vaz and Nordlund
(1985) investigated the re°ection e®ect in model at-
mospheres by introducing an external radiation ¯eld
with plane parallel approximation. They veri¯ed the
results in radiative equilibrium for grey atmospheres
with exact solutions. For these atmospheres they
also studied limb darkening changes due to illumina-
tion and suggested the reduction of limb darkening as
a function of frequency, incidence angle and relative
incident °ux. Similarly, Nordlund and Vaz (1990)
studied irradiation e®ects in model atmospheres in-
vestigating the dependence of re°ection e®ect on the
abundance of heavy elements, on the strength of con-
vection and on the properties of incident radiation
°ux. Wilson (1990) discussed various classes of close
binary systems that require a detailed treatment of
re°ection e®ect. The present work implies that, even
in systems where the radiative interaction creates
only a small change in the atmospheric structure,
the variation of emitted °ux can be strongly a®ected.
Alencar et al. (1999) studied the in°uence of re°ec-
tion e®ect on gravity brightening exponent (¯) us-
ing UMA (Uppsala Model Atmosphere) code. They
showed that the external illumination increases the
value of ¯. In the case of non-grey atmospheres the
gravity brightening exponent depends on the spectral
distribution of the incident °ux. Recently, Pustynski
and Pustynlik (2005) made a detailed study on up-
per atmospheres of PCB's (Precataclysmic binaries)
which are detached binary systems. They used Ku-
bat et al. (1999), Kubat (2000) model calculations
for irradiated B type stellar parameters and noticed
that the UV radiation penetrates into the upper at-
mosphere up to a certain optical depth while ioniza-
tion degree remains close to unity.
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Fig. 1. The schematic diagram of the irradiation
in 3-dimensional Cartesian co-ordinate system.
The implications of the present work contain
no substantial surprises, but represent a further im-
provement of understanding through the creation of
better and more accurate models of physical systems.
With reference to the above studies, it supports the
notion that the re°ection e®ect is important in close
binary stellar atmospheres. In this paper we study
the irradiation from the secondary component in 3-
dimensional geometry.
2. METHOD OF CALCULATION
We have performed all the calculations in the
3-dimensional X-Y-Z Cartesian geometry as shown
in Fig. 1. We assume a spherical shell of the pri-
mary star with inner and outer radii Rin and Rout
respectively. The center of the star is at the origin
of the coordinates. It is assumed that radiation is
incident from a point source at B moving on a cir-
cle of radius R in the X-Z plane. The radiation ¯eld
re°ected from the spherical shell of the primary com-
ponent is calculated. The shell is divided into several
circular slices with their centers lying on the X-axis.
The selected slice has been divided into line segments
for calculating transfer of radiation. Now let us con-
sider such slice MNPQ and the transfer of radiation
along the lines such as QS2RO.
Fig. 2. Schematic diagram showing the rod model.
It is assumed that the secondary component
is situated at point B and a ray from B intersects
the outer surface of the primary component at S1
and passes through the point S2 on the line QS2RO.
Let the coordinates of the points S2 and B (in Fig.
1) be (x1;y1;z1) and (x2;y2;z2) respectively. The
equation of this line is given by
x ¡ x1
x2 ¡ x1
=
y ¡ y1
y2 ¡ y1
=
z ¡ z1
z2 ¡ z1
: (1)
By knowing the coordinates of the points S2 and B in
advance, the coordinates of the point S1 are obtained
by solving Eq. (1) and the equation of the sphere,
whose center is at A. The equation of the sphere is
given by
x2 + y2 + z2 = R
2
out: (2)
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The lengths of the segments are calculated using the
distance formula. We need to avoid all points where
the incident radiation does not reach, such as the
shadow-cone cast by the central star. We calculate
the equation of the cone enveloping the sphere
x2 + y2 + z2 = R
2
in (3)
and this is given by
(x2 + y2 + z2 ¡ R
2
in)(x2
2 + y2
2 + z2
2 ¡ R
2
in)
¡(xx2 + yy2 + zz2 ¡ R
2
in)2 = 0: (4)
The points that lie in the shadow of this cone should
satisfy the relation given by Bali (1988)
(x2 + y2 + z2 ¡ R
2
in) (x2
2 + y2
2 + z2
2 ¡ R
2
in)
¡(xx2 + yy2 + zz2 ¡ R
2
in)2 · 0 (5)
The points which satisfy above relation are elimi-
nated from the calculations.
The transfered radiation ¯eld is estimated
along the line segments such as S1S2 to obtain the
source function along the lines QS2RO. We used the
procedure described in Peraiah (1982). A brief de-
scription of the method is given in the following sec-
tion for the sake of completeness.
2.1. Calculation of radiation ¯eld due to
irradiation
We assume a steady state, monochromatic ray
with or without internal sources. In Fig. 2 it is seen
that the optical depth is measured in the same di-
rection as the geometrical depth. For a given density
distribution, the optical depth is calculated by the
relation
¿ = ¿(³) =
Z L
0
¾(³0)d³0 ; ¿(L) = T : (6)
In this model we assume that the transfer of
radiation takes place as shown in Fig. 2 (along S1S2
in Fig. 1) with isotropic scattering (¹ = §1, and
p(¿)=phase matrix element= 1
2). The quantities
I+(¿) and I¡(¿) represent the speci¯c intensities in
the opposite directions. The two equations for oppo-
sitely directed rays are written as
dI+
d¿
+ I+ = S+; (7)
dI¡
d¿
+ I¡ = S¡; (8)
where
S+(¿) = !(¿)
·
p(¿)I+(¿) + (1 ¡ p(¿))I¡(¿)
¸
; (9)
S¡(¿) = !(¿)
·
(1¡p(¿))I+(¿)+p(¿))I¡(¿)
¸
: (10)
The total source function, including the di®use radi-
ation ¯eld, is given by
S
+
d (¿) = S+(¿) + !(¿)
h
p(¿)I1e¡¿
+(1 ¡ p(¿))I2e¡(T¡¿)
i
; (11)
S
¡
d (¿) = S¡(¿) + !(¿)
h
(1 ¡ p(¿))I1e¡¿
+p(¿)I2e¡(T¡¿)
i
; (12)
where S+(¿) and S¡(¿) are the source functions at
the optical depth ¿, with !(¿) being the albedo for
single scattering. We set !(¿) = 1, which corre-
sponds to pure scattering in the medium. I1 and
I2 are the incident speci¯c intensities at the bound-
aries ¿ = 0 and ¿ = T, respectively. For isotropic
scattering S
+
d = S
¡
d , and Eqs. (11) and (12) reduce
to
Sr =
1
2
h
I+ + I¡
i
+
1
2
h
I1e¡¿ + I2e¡(T¡¿)
i
; (13)
where T is the total optical depth at the point where
the source function is calculated. We set ¿ = 0 at
point S1 (see Fig. 1) where the incident ray enters
the medium, and we set ¿ = T at the point S2 where
the source function is calculated. Thus
I+(¿) = I1
1 +
h
T ¡ ¿
ih
1 ¡ p
i
1 + T
h
1 ¡ p
i ; (14)
and
I¡(¿) = I1
h
T ¡ ¿
ih
1 ¡ p
i
1 + T
h
1 ¡ p
i ; (15)
I¡(¿ = T) = 0 = I2; (16)
I+(¿ = 0) = I1; (17)
therefore
I+(¿ = T) = I1
1
1 + 1
2T
; (18)
I¡(T) = 0: (19)
At ¿ = T, the source function (13) becomes,
Sr =
1
2
h
I+ + I¡
i
+
1
2
h
I1e¡T
i
: (20)
Introducing equations (14) and (15) into the above
equation with p = 1
2, we obtain
Sr =
1
2
I1
"
2
2 + T
+ e¡T
#
: (21)
Using the above analysis we can calculate the source
functions along the ray.
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2.2. Calculation of self radiation of the
primary component
In addition to the irradiation from the sec-
ondary component we have the radiation from the
primary star itself.
The radiative transfer equation in spherically
symmetric approximation reads:
¹
@I(r;¹)
@r
+
1
r
@
@¹
h
(1 ¡ ¹2)I(r;¹)
i
= ¾(r)
h
Ss(r) ¡ I(r;¹)
i
; (22)
where
Ss(r) =
1
2
Z +1
¡1
p(r;¹;¹0)I(r;¹0)d¹0: (23)
Here I(r;¹) is the speci¯c intensity of the ray making
an angle cos¡1 ¹ with the radius vector. The quan-
tities ¾(r) and Ss(r) are the absorption coe±cient
and the source function respectively and p(r;¹;¹0)
is the phase function (assumed to be isotropic here)
normalized in such a way that
1
2
Z +1
¡1
p(r;¹;¹0)d¹0 = 1 (24)
where p(r;¹;¹0) ¸ 0 and ¡ 1 · ¹; ¹0 · 1.
2.3. Brief description of the numerical
method for solving the radiative transfer
equation in spherical symmetry
The solution of radiative transfer Eq. (22)
in spherical symmetry is derived by using discrete
space theory of radiative transfer (Peraiah and Grant
1973). In general, the following steps are to be fol-
lowed for obtaining the solution.
(i) We divide the medium into a number of "cells"
whose thickness is less than or equal to the critical
¿crit. The critical thickness is determined on the ba-
sis of physical characteristics of the medium. ¿crit
ensures the stability and uniqueness of the solution.
(ii) The integration of the radiative transfer equa-
tion in spherical symmetry is performed on the
"cell" which is 2-dimensional radius - angle grid
bounded by [rn;rn+1] £ [¹j¡ 1
2;¹j+ 1
2] where ¹j+ 1
2=
Pj
k=1 Ck;j = 1;2:::;J, and Ck are the weights of
Gauss-Legendre formula.
(iii) By using the interaction principle described in
Peraiah and Grant (1973), we obtain the re°ection
and transmission operators over the "cell".
(iv) Finally we combine all the cells by the star al-
gorithm described in Peraiah and Grant (1973) and
obtain the radiation ¯eld.
2.4. Boundary conditions
The boundary conditions are assumed as fol-
lows
I
¡
N+1(¿ = T;¹j) = 1 for all ¹0
js (25)
I
+
1 (¿ = 0;¹j) = 0 for all ¹0
js (26)
Eq. (25) represents the incident radiation on the
atmosphere, where the radius is minimum, and Eq.
(26) represents the boundary condition at maximum
radius, for ! = 1.
2.5. Calculation of total source function
The total source function ST(x;y;z) is given
by
ST(x;y;z) = Sr(x;y;z) + Ss(r): (27)
This means that the total source function (ST) is
the sum of the source functions due to self radiation
of the primary star (Ss) and the of irradiation from
the secondary component which is assumed as point
source (Sr).
3. RESULTS AND DISCUSSION
In our calculations Rin = 1012cm, Rout =
5 £ 1012cm, R=1013cm where Rin and Rout are the
inner and outer radius of the primary star, and R is
the separation between the two components. A con-
stant electron density of 1012cm¡3 is assumed. As
mentioned earlier, intensities are calculated along the
lines such as QS2RO in a given circular slice. These
slices are designated as K= 1, 2, 3,::: where the slice
K= 1 corresponds to that at x = Rout, that with
K= 11 corresponds to that at x = 0, and that with
K= 21 corresponds to that at x = ¡Rout. Unit in-
cident intensity is given at the surface r = Rout, the
secondary component coordinates which is a point
source are set as (x2;y2;z2), and the radiation is in-
cident on the primary component. We consider the
following cases and calculate the direction cosines of
the lines parallel to the Z-axis and also parallel to
the line of sight. We can obtain many possible cases
keeping secondary component B in di®erent positions
on a circular orbit. We have considered the following
cases.
Case 1: x2 = R, y2 = 0, z2 = 0;
Case 2: x2 = Rsin ¼
4, y2 = 0, z2 = Rcos ¼
4;
Case 3: x2 = 0, y2 = 0, z2 = R.
Thus, we have placed the secondary compo-
nent on the X-axis at a distance R in case 1, in case
2, the secondary component is placed between X and
Z axis at the line making anangleof45± with X-axis
and in case 3, the secondary component is placed on
the Z-axis at the distance R.
Using the above data, we plotted, in Figs. 3 to
5, the re°ected radiation by dash-dot line, emergent
radiation (which is self radiation) by dashed line and
total radiation by solid line for K= 8, 14 in a scat-
tering medium along Y-axis. In all the three cases
we observe that the self radiation is the same and
also it is constant throughout the atmosphere of the
primary component.
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Fig. 3. The comparison of self radiation repre-
sented by the dashed line, re°ected radiation repre-
sented by the dash-dot line and the total radiation
represented by solid line along the Y-axis in the case
1.
Fig. 4. The comparison for the case 2. The nota-
tion is same as in the case 1.
Fig. 5. The comparison for the case 3. The nota-
tion is same as in the case 1.
Fig. 6. A contour map of the brightness distri-
bution on the surface of the primary component for
case 1. Here we have considered 100 slices. The
dark and bright portions of the contour show no light
and the maximum light respectively. The same thing
is shown in the grey scale in the side of the ¯gure.
Plots shown above are for (a) re°ected radiation (b)
self radiation (c) total radiation.
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Fig. 7. Contour maps for (a) re°ected and (b) total
radiation for case 2.
Case 1: In Fig. 3(a, b) the irradiation from the
secondary component is small, compared to the self
radiation of the primary star. This is due to the fact
that we have considered secondary component as a
point source which is at a distance of R= 1013 cm
from the primary component. The contribution of
re°ected radiation is small and there is no signi¯cant
quantitative di®erence between self radiation and the
total radiation curves in Fig. 3(a, b) for K=8 and
14. Thus, the self radiation is a dominant factor in
this case but still the e®ect of irradiation can not
be neglected, because the e®ect of irradiation can be
seen in contour maps of Fig. 6(a, b, c) when the
secondary component is placed on the X-axis.
The surface of the primary component shows
changes in intensity which is seen in Fig. 6(b). We
can also observe irradiation e®ect on the primary
component which can be seen in Fig. 6(a) facing
towards the secondary component. Fig. 6(c) shows
the surface brightness distribution of the total radia-
Fig. 8. Contour maps for (a) re°ected and (b) total
radiation for case 3.
tion (self+irradiation). In Figs. 6-8, the grey scale
represents the variations of surface brightness which
is given at the side of each plot.
Case 2: In Fig. 4(a, b) we can see that the re°ected
radiation is almost constant in the atmosphere of the
primary component and a considerable amount of ir-
radiation is added from the secondary component to
the self radiation of the primary component in Fig.
4(a). The total radiation behaves as the self radi-
ation, but one can clearly see that the curves are
separated in Fig. 4(a) because the irradiation con-
tributed more substantially.
In Fig. 4(b) we see that re°ected radiation is stronger
in the range jY j · 0.2 than outside this range, it
contributes a signi¯cant amount of radiation going
towards the center of the star due to scattering pro-
cesses and is a dominant factor in that range. The
total radiation almost behaves like the re°ected radi-
ation in the range jY j · 0.2. This happens because
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more photons are scattered in the interior of the pri-
mary component.
We can also observe similar features in the contour
maps of Fig. 7(a, b) which shows re°ected and total
radiation (since self radiation contour is the same as
in Fig. 6(b) we have not repeated it here). Due to
the angle of incidence, the shadow cone casted by
the central star is changed, brightness distribution is
shown in Fig. 7(a) and total radiation in 7(b).
Case 3: In Fig. 5(a, b) we see that for K= 8 and
K= 14, the re°ected, self and total radiation are the
same by symmetry. In comparison with cases 1 and
2, more radiation is re°ected in this case. This is
because primary component receives the radiation
directly from the secondary component. It is also
observed that intermediate regions have combined
radiation ¯elds (i.e. irradiation which is coming to-
wards the centre of the star and the self radiation
of the primary star). Due to this the maximum ra-
diation occurs in the central regions of the primary
component. We also plotted the contour maps for
re°ected and for total radiation distribution in this
case in Fig. 8(a, b).
4. CONCLUSION
We calculated the radiation ¯eld when irradia-
tion comes from a point source of close binary system
in 3-dimensional geometry. The irradiation e®ects
are studied in 3 cases when the secondary compo-
nent is placed at the distance R from the primary
component: 1) on the X-axis 2) making an angle
¼
4 with X-axis and 3) on Z axis. We analyzed how
the e®ect of irradiation from the secondary on the
primary varies depending upon the position of the
secondary component. We intend to study the ir-
radiation e®ects when secondary component has an
extended surface and the e®ect of gravity darkening
in a binary system in XYZ-geometry.
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Originalni nauqni rad
U radu se razmatra efekat ozraqi-
vaa u tesnom dvojnom sistemu u kome se
sekundarna komponenta aproksimira taqkas-
tim izvorom. Efekat ozraqivaa atmos-
fere primarne komponente razmatran je u
trodimenzionalnom Dekartovom koordinatnom
sistemu. Pretpostav	eno je da se sekun-
darna komponenta kree po krunoj putai.
Pri teorijskom razmatrau efekta reflek-
sije ukupno zraqee (ST) dato je kao zbir
dve komponente: 1) zraqea koje nastaje kao
posledica ozraqivaa primarne komponente
(Sr), a koje je raqunato korixeem mode-
la "jednodimenzionalnog leira", i 2) sop-
stvenog zraqea primarne komponente (Ss),
koje je raqunato na osnovu rexea jednaqine
prenosa zraqea u sfernoj simetriji. Pro-
ceeno je po	e zraqea du pravca vizure
posmatraqa u beskonaqnosti. Pokazano je kako
se po	e zraqea mea zavisno od poloaja
sekundarne komponente.
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